Abstract: The creation of fabrics capable of dynamically communicating information would have a great impact on future smart fabric technologies for applications ranging from fashion and entertainment to biomedical monitoring. Typically, state-of-the-art displays are fabricated onto flexible substrates and then mounted onto textiles. However, recent progress in fabricating electroluminescent (EL) fiber-shaped devices that can be directly integrated into knitted and woven structure has unlocked new opportunities for developing fabric-integrated displays. Here, a novel method of directly integrating an EL system into a network of fibers to create a dynamic knit display is presented. A 4-pixel prototype with individually controllable pixels disposed within a knitted fabric matrix is demonstrated. The control system and structure of isolated pixels in the knit fabric matrix are explained. Important display features based on the prototype performance that demonstrate the current and future potential of this structure are reported.
Introduction
The integration of technology into textiles is a developing field that would greatly benefit from textileintegrated displays capable of displaying information in real-time. A great deal of work has been focused on adapting traditional planar technologies with high mechanical flexibility for conformable applications. This research has led to textile-based liquid crystal [1] and organic emissive displays [2] with individually controllable pixels that exist on top of woven fabrics. However, the underlying woven substrates must be planarized to achieve a smooth surface for depositing the layers of the display structure, which can change the flexibility and material properties of the underlying fabric, and limits the choice of textile substrate [3] . These limitations could be prohibitive to widespread market penetration of this technology. Therefore, there is a demand for textile and fiber designs that support automated light emission. There have been a number of designs proposed and demonstrated in literature including, woven photonic bandgap fibers [4] , [5] and optical fibers [6] , [7] as well as an organic emissive system directly integrated into a knit network of fibers [8] . Additionally, there have been reports of fibers supporting powder phosphor-based [9] , organic-based [10] and polymer-based [11] , [12] , [13] electroluminescent systems which can used inside textile structures.
In this article, a novel method of directly integrating an electroluminescent (EL) system into a network of fibers is discussed. The structure of a biaxial knit fabric is used to create a matrix of pixels comprising a display screen. A passive matrix addressing scheme, like that used in early liquid crystal displays, is used to control the display. This design enables fully integrated textile displays that are not limited by the constraints of device existing on top of the textile structure. To demonstrate proof of concept, a 4-pixel prototype using an alternating current powder-based electroluminescent (ACPEL) material system is demonstrated and its performance discussed. This system shows great potential for applications like airplane emergency lighting and video displays integrated into the fabric of car or airplane seats. The appearance and power requirements of the device are heavily reliant on the electroluminescent material system that is integrated into the device structure. Thus, many of the EL fibers reported in literature can be adapted for use in this display structure.
Integration of EL System Into Network of Yarns
The simplest EL system is composed of an emitting layer that produces light when electrical power is applied to it sandwiched between two electrodes which conduct electricity across the system as shown in Fig. 1(a) . This structure is translated into a network of fibers by replacing the two planar electrodes with conductive fibers as depicted in Fig. 1(b) . A commercially available alternating current powder-based electroluminescent (ACPEL) system was used to demonstrate proof of concept. This structure has an additional isolation layer between the bottom electrode and emitting layer to isolate it from heating effects at the electrode. The dielectric isolation layer (Dupont Luxprint R 8153 dielectric paste), and emitting layer (Dupont Luxprint R 8152L) of this EL system were deposited onto an conductive yarn electrode (Aracon R silver coated Kevlar yarn), using a custom single fiber slot die coating system reported in previous work [14] . A second electrically conductive yarn acts as the top electrode and completes the EL device structure.
A biaxial knitted structure incorporates a layer of warp and weft fibers held together by a stitch yarn system. This grid of yarns is typically used for fabric reinforcement. In this case, it supports a passive matrix addressing system where pixels are formed at the intersection of the warp and weft fibers as depicted in Fig. 2 . This addressing scheme requires a low number of interconnections, meaning that for an m rows and n columns array, only m + n control signals are required, making this method a simple and cost-effective solution for developing display technologies. The biaxial knit structure is already configured for passive matrix addressing, which uses a grid system to supply a field to a chosen pixel in the display. The yarns supporting the dielectric and emissive layers of the EL device structure constitute the weft fibers in the biaxial knit and the rows of the passive matrix addressing scheme. The bare conductive yarn acts as the warp fiber in the biaxial knit and the columns of the passive matrix addressing scheme. Individually controllable segments of electroluminescence, which constitute the pixels of a display, are formed at the intersection of these fibers and isolated from one another by the surrounding yarn matrix. Power is applied across an EL and conductive fiber pair corresponding to a particular pixel to activate that pixel independent of the other pixels in the display.
A 3 cm 2 fabric was hand knit using cotton yarn (Size 10 crochet cotton thread, Coats & Clark) and the network of fibers supporting the ACPEL structure were subsequently inlaid into this sample to create the prototype, shown in Fig. 3 . To improve visibility to the naked eye, a transparent conductive layer was hand painted at selected pixel locations along the ACPEL fibers in the prototype prior to integration into the supporting knit fabric. The conductive reinforcement fibers running perpendicular to the EL fibers were carefully arranged to contact the EL fibers at the marked pixel locations. This hand painting method explains the variation in pixel emissive area, which ranges from 2-8 mm in the prototype. The structure will still emit light at points of direct contact between the isolationphosphor supporting and external electrode fibers without the help of this translucent electrode layer. However, the emissive area will be much smaller and harder to measure in such a small prototype. The fibers supporting the isolation and emitting layer of the ACPEL device structure in the prototype have a diameter of 720 ± 5 µm. The external conductive yarn has a diameter of approximately 300 ± 50 µm, which is dependent upon the twist of the yarn as the fiber count remains constant. Thus, without the assistance of the translucent conductive layer, the emitting area of a single pixel would be on the order of micrometers. Masking techniques could be used to control and improve the size and uniformity of pixels by controlling deposition of the translucent conductive layer onto the isolation-phosphor supporting fiber.
The fiber content of the knit matrix yarn, which supports the network of yarns creating the display screen, plays a large role in the visibility of the pixels. Natural fibers (i.e. cotton, linen, wool and silk) have short, fragile fibers that tend to break off completely when they are damaged, making the surface smooth with little pilling. On the other hand, synthetic fibers (i.e. acrylic, polyester, lycra) and blends (i.e. cotton-polyester blend, wool-acrylic blend) tend to have long, robust strands that pull and stretch into fuzz, which could reduce light output in a dense matrix if the fuzz is covering the integrated pixel structure [15] . The matrix yarn used for the prototype is a 3-ply twisted cotton yarn which was selected for its resistance to pilling and similar size to the emissive fibers. Fig. 3 . Macro image of the 4-pixel prototype with all pixels illuminated demonstrating pixel locations and fibers constituting the rows and columns of the passive matrix addressing scheme.
Prototype Control System
An Arduino-based control system, depicted in Fig. 4 , automates the process of turning on and off the pixels in the prototype. An Agilent 33220A arbitrary waveform generator (AWG) amplified by a TREK model PZD700 high voltage amplifier supplied the AC power needed to drive the prototype. Electrical connection to the conductive yarn electrodes in the prototype is achieved using flat alligator clips, which do not damage the electrode layer and achieve contact with all fibers of the supporting conductive yarn. The ground was switched between fibers a and b, while the power was switched between fibers c and d to selectively light each pixel. The pixels are labeled 1, 2, 3, and 4 and the fibers a, b, c, and d for easier identification. Pixel 1 occurs at the cross section of fibers a and c, pixel 2 at the intersection of fibers b and c, pixel 3 at the overlap of fibers a and d, and pixel 4 at the convergence of fibers b and d.
Display Properties

Mechanical Characterization
In order to determine the effect the knit fabric has on the fibers, three-point flexural bend tests based on ASTM D6856/D6856M for fiber reinforced composites were performed on the fibers inside and outside of the knitted matrix [16] , [17] . Fig. 5 is a diagram of the three-point bend setup used to test the fibers. The fibers are fixed between two clamps and a load is applied at the center. The support span, which is 3 cm in all experiments, is the length between the two supporting clamp points. In all tests involving the knitted matrix, all four edges of the fabric were clamped with a custom-made 3 cm 2 frame to equally distribute the force inside the textile. A Mark-10 Force Gauge model MS-20 was used to apply force perpendicular force to the fiber and the deflection of the fiber was measured until its breaking point.
The ACPEL material system used in this work was formulated for screen printing [18] . Screen printing inks are intentionally formulated to have a high viscosity to make them rigid so they can hold their form, but also makes them less flexible than the supporting textile.The bending radius of an average ACPEL fiber is 3.1 cm, which is much higher than that of the knit fabric [14] . For EL fibers to be incorporated into the typical looped architecture of a knitted structure, they would need to achieve a bending radius at least equal to the diameter of the knitting needle because it would be bent around that needle during fabrication. A 3 mm knitting needle was used to produce a knitted fabric with a gauge of 4 rows and 3 stitches = 1 cm, which is 100 times smaller than the minimum bending radius of an average fiber. A great advantage of the biaxial knit display structure is that it allows the EL fiber to remain unbent during integration into the textiles and use in an unflexed material. The inlaid EL fibers increase the strength of the knit fabric as depicted in Fig. 6 . The inlaid ACPEL fibers can withstand much higher loads before breaking due to the protection of the surrounding knit matrix, which absorbs some of the load placed on the fiber. Thus, the yarn matrix protects the inlaid network of fibers, while the fibers reinforce the fabric.
Prior to complete fiber failure, cracks arise in the EL coating that continue to propagate as force is applied. Damage is not limited to the final failure location in the EL fibers under flexural testing and cracks form at high stress points along the fiber. Fig. 7 is a microscope image of the damage to one electroluminescent fiber 1 cm away from the final failure location. At this point on the fiber, the inorganic phosphor layer has cracked and dielectric material coating the underlying fiber has been damaged. Although visually this is difficult to tell from the image, analysis of the thickness of the top translucent electrode (39.2 µm) and phosphor (59.4 µm) layers at this point and a measurement of the crack depth (99.7 µm) confirmed that there was at least partial damage to the insulator layer. The insulator layer thickness varies due to the random suspension of individual conductive fibers in the supporting yarn electrode during fiber fabrication, but the average layer thickness is 37.24 ± 5.97 µm.
If these cracks reach the bottom electrode and reveal the conductive fiber underneath, the ACPEL fiber device will no longer emit light at these points. The fiber still emits light in areas where the inorganic electroluminescent device structure stays intact and has not degraded. However, the lifetime of the device is significantly reduced as cracking in the film reduces high voltage reliability [19] , [20] . Additionally, it is possible for the two electrodes to come in contact with each other creating a short circuit, which poses a safety hazard. Due to the high power requirements of the fibers, the host polymer surrounding the phosphor in the emitting layer or the cotton fibers of the supporting knit matrix can ignite.
Resolution
The pixels exist in the space between the knit stitches as shown in Fig. 3 . Thus, the resolution of the display is highly dependent upon the features of the knitted matrix including gauge, yarn thickness/diameter and yarn material as these properties will affect the visibility of the pixels. Additionally, the relation between the diameter of the inlaid ACPEL yarn and properties of the surrounding knit matrix will directly affect the resolution of the display. The inlaid fibers in the prototype exist inside a 3 cm 2 cotton knit with a gauge of 3 rows and 4 stitches = 1 cm. Based on the size and gauge, this knit sample could host a 9 × 12 pixel display. (1) can be used to calculate the pixel density of this display in pixels per inch (PPI), where w p is width resolution in pixels, h p is height resolution in pixels, and d i is diagonal size in inches [21] .
The current display resolution of this sample is measured to be 3.53 pixels per inch (PPI). The pixels are separated by a single knit stitch in all directions, which is approximately 2 mm of dark space between each of the pixels in the matrix. This could be decreased by using a tighter gauge (more stitches per cm), which would consequentially increase the PPI. The ratio of matrix yarn to phosphor-dielectric fiber diameter is approximately 1:1 in the prototype, but the emissive area of the pixels could easily be adjusted by increasing the diameter of the phosphor-dielectric fibers or decreasing the diameter of the matrix yarn. This would result in larger pixels, which would reduce the amount of dark space between pixels, but not necessarily change the density of pixels or PPI in the display.
Brightness and Power Requirements
The brightness of an inherently emissive display is important in determining suitable applications because the visibility of the display is dependent on this performance characteristic. Low light emitting displays are difficult to differentiate in very bright conditions, which is why the contrast of these displays is often defined by the sunlight readable contrast [22] , [23] . The typical brightness of indoor displays is in the range of 300-750 cm/µm 2 [24] . The maximum brightness of a single ACPEL fiber (50.52 cd/m 2 ) falls significantly below this, which indicates that it is visible to the naked eye in a dark or dimly lit room, but is difficult to distinguish in a normally lit room. Thus, the ACPEL fibers used in the prototype would be better suited to low light applications like automotive interior lighting. The power requirements of the display are determined by the desired brightness of the display and power loss across the system.
Power loss along the fiber contributes to the power consumption of the display and can be estimated using a variation of the ACPEL device brightness-voltage relation described in literature [25] , [26] . Equation (2) shows the theoretical brightness-voltage relationship at a specific point along the fiber, where V is the volume of the emissive layer coating on the fiber. Assuming that the field is concentrated on the emissive layer of the fiber, the volume of this layer is calculated using the formula for a hollow cylinder. Therefore, U/V describes the mean field in this layer. The radius of the ACPEL fibers used in the prototype was 353 ± 5.96 µm, while the emissive coating thickness was 98.76 ± 6.32 µm. The height is taken as the distance from the electrodes and is determined by the position of the pixel along the fiber. Thus, this equation predicts the relationship between fiber brightness and distance from the electrodes. This brightness-distance (B-D) relationship can predict power loss across the fiber and determine the power requirements of the system. Fig. 8 compares B-D curve approximated by (2) to the measured brightness of discrete pixel points along an 18-cm length of fiber with a 100 V, 400 Hz sine waveform applied. Both curves follow a similar shape, exhibiting a rapid drop off in intensity that evens out as the distance from the source increases. The calculated results show a slower drop off because it is based on a continuous emitting area, whereas the experimental results are based on discrete points corresponding to individual pixels along the fiber. However, this equation is a close approximation to the behavior of actual ACPEL fiber devices. It can be used to approximate the maximum size of the textile display once the empirical constants are determined for the ACPEL system.
Color
The emitted blue-green light of the 4-pixel prototype can be demonstrated by x, y chromaticity coordinates (0.277, 0.321) according to the CIE 1931 standard color matching functions. Fig. 9 shows where the emission color of the ACPEL pixels fall in relation to the color gamut of a highresolution CRT television or computer screen, called the sRGB color space. EL fibers emitting red, green and blue light comparable to the corners of the sRGB color space are desirable for achieving a full-color, tunable display. The color of emission is determined by the composition of the emitting material, specifically the dopants that exist inside the phosphor. Currently, orange ( Gwent Electronic Materials Ltd. C2070126P4), green (Dupont Luxprint R 8154L) and blue (Dupont Luxprint R 8152L) ACPEL systems, similar to that used for the current prototype, are commercially available. These systems can be deposited onto fiber and yarn substrates using the same process used to create the fibers for the prototype, enabling an RGB display with the color gamut depicted in Fig. 9 . Although the currently available colors of EL fibers are limited, phosphor-, organic-and polymer-based EL systems encompassing the full visible wavelength range have been demonstrated in planar films [27] - [29] . Thus, it is possible to achieve a full color scale textile display with further development of EL fibers.
Conclusion
In summary, we report a novel integration of an electroluminescent system into a network of yarns resulting in a passively addressed matrix of individually controlled pixels comprising a display screen. The mechanical, electrical and optical properties of the resulting knit display are highly dependent on the EL material system constituting the display structure. A prototype containing a 2 × 2 matrix of individually controllable pixels disposed along two ACPEL fibers inlaid into a cotton knit was fabricated and characterized to demonstrate proof of concept. The integration of fibers into the supporting knit matrix increases the strength, but decreases the flexibility of the fiber and fabric. The resolution can be easily controlled by the properties of the knit display. These properties can be easily adjusted and production scaled using automated knitting machines. Commercially available ACPEL material systems could lead to RGB knit video displays directly integrated into car and airplane seats, carpets and wall-mounted applications. With the further development of fabrication and deposition techniques for EL systems, especially organic and polymer-based light emitting systems, it is possible to improve performance and adapt this structure for numerous other applications, including wearables.
